The static VAR generator (SVG) is an important device in flexible AC transmission systems (FACTS) for the development of smart grids. Based on the basis principle of SVG and instantaneous reactive power theory, the conventional i p -i q and dq methods have a certain error when the three phase voltages are unbalanced. In this paper, the current detection algorithm is improved in cases of three-phase power asymmetry by using the fundamental positive-sequence reactive current instead of the voltage as the input of phase locked loop (PLL). So the problems caused by unbalanced three-phase voltages could be avoided. In addition, a moving average filter is designed to improve the performance of the detection accuracy and dynamic response. Experiments verify the correctness and effectiveness of the proposed scheme.
Introduction
As low-voltage distribution networks are becoming more and more popular and electronic devices attract much more attention, the quality of power systems is becoming an increasingly greater issue of concern. With the rapid development of high-voltage high-power power electronic equipment, flexible AC transmission systems (FACTS) are typically applied to the intelligent power grid [1] . The static VAR generator (SVG) is one of the important elements of FACTS, which has wide range, good dynamic characteristics, and the ability to track and compensate for reactive power quickly once the grid changes [2] [3] [4] , including compensation for inductive reactive power and capacitive reactive power. With the advantages of fast compensation speed, high compensation precision, and wide compensation range, SVGs have become a mainstream trend of development [5, 6] .
SVGs play an important role in improving the voltage quality and ensuring the normal operation of FACTS [7] [8] [9] . When a large number of power quality problems caused by the nonlinearity and imbalance characteristics of the load occur [10] , an SVG is implemented on the load side to realize reactive power compensation, harmonic suppression and three-phase imbalance compensation, etc. The performance of the SVG in a grid system depends on the real-time accuracy of the reactive current detection and the effectiveness of the system control strategy. Therefore, the study of reactive current detection algorithms and the optimization of SVG control strategy are the important routes to improve the SVG reactive power compensation system [11, 12] . At present, reactive power detection algorithms (i.e., pq, i p -i q , and dq method) based on instantaneous reactive power theory is the most widely used in SVG reactive power compensation system [13, 14] . However, the pq method and i p -i q method in the case of three-phase voltage distortion have a certain error when the three phase voltages are unbalanced, while dq detection method can be used for reactive current detection of three-phase voltage distortion since it has a high detection accuracy and is widely used.
Based on the working principle of SVG direct current control, considering the common situation of three-phase grid asymmetry, the phase-locked loop (PLL) in the detection method based on instantaneous reactive power theory is improved, and the single-phase fundamental reactive current is used to replace the phase-component of the single-phase grid voltage to lock the phase and eliminate detection bias. In addition, the existence of low-pass filter (LPF) in the detection algorithm also has great influence on the steady-state and dynamic performance of the system, and the sliding-averaging filter (SMF) is designed to improve the detection compensation performance of SVG in consideration of both the detection accuracy and the response speed. Finally, experimental results verify the correctness and effectiveness of the proposed scheme.
Mathematical Model Analysis of SVG
The structure of the SVG is shown in Figure 1 including the main circuit and control system. The main circuit is a three-phase bridge inverter connected to the power grid through the reactor. By controlling the switches S 1 -S 6 in the main circuit, the inverter absorbs a small amount of active current from the AC system to charge the DC bus capacitor C, without external power supply to maintain its voltage. In the SVG control system, by adjusting the output voltage or current of the bridge inverter the required reactive power can be produced in the grid control in order to compensate for reactive power of the grid.
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Research on Reactive Current Detection Method

Reactive Current Detection Based on Instantaneous Reactive Power Theory
Reactive power compensation mainly includes harmonic and fundamental phase shifts. Within the allowable range of the device, an SVG should compensate for both harmonics and fundamental reactive power except the fundamental active components. In practical engineering applications, fundamental reactive power accounts for the majority of the proportion in all reactive power loss. In order to reduce the switching frequency and improve system capacity, the reactive power can be compensated to a certain range only with fundamental reactive power compensation.
The basic principle is to separate the reactive components in the fundamental load current. Based on the matrix transformation, the fundamental components of the input three-phase load current is converted into a DC component in the corresponding coordinates. The DC component containing a fundamental reactive current is separated through the Low Pass Filter (LPF) [16] and is then inverse transformed into reactive current command. In addition, the inverse transform of the active component is used to control the stability of the DC side capacitor voltage.
In most power grids, three-phase voltage asymmetry is more common, which is assumed as:
where + represents the positive sequence voltage component and − represents the negative sequence voltage component. Based on the symmetric component theory, the three-phase distortion asymmetric current can be decomposed into:
where: I n+ , I n −, I n0 (n = 1, 2, 3, ...) denote positive sequence, negative sequence, and zero sequence components of each current respectively; φ n +, φ n −, φ n0 denote the positive order, negative order, and zero sequence initial phase angle respectively. 
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The signals sinωt and cosωt of the dq detection method are obtained by phase-locking the voltage u a . When the three-phase grid voltage is asymmetric, u a contains negative sequence components, Energies 2017, 10, 1374 4 of 11 then the phase obtained by the latching of u a equals the sum of the positive sequence component and the negative sequence component of u a , θ is a deviation from the phase of the desired positive sequence component of u a . The transformation matrix is assumed as:
Three-phase distortion asymmetric current can be converted to the Formula (5) through dq conversion:
The DC component in the above equation is extracted by the LPF as shown in Equation (6):
Then, the inverse of the dq inverse transform of i q is obtained as shown in Equation (7):
It can be seen from the above equation that when the three-phase voltage is asymmetric, the fundamental positive sequence reactive current deduced from the dq inverse transformation of i q has a deviation because of the existence of θ.
Improved Reactive Current Detection Method
Improved dq Detection Algorithm Based on Instantaneous Reactive Power
Based on the power quality standards, the asymmetry of the three-phase voltage at the Point of Common Coupling (PCC) of the system is less than 2% and less than 4% for a short time [17] . The method of current detection based on i p -i q principle is described in Figure 3 . In this method, it is very sensitive to voltage and frequency conversion of the network and unbalance of the three-phase network. Therefore, the improved PLL with dq detection method based on the instantaneous reactive power can be directly applied to the symmetrical or asymmetrical system, since it has the advantages of simple detection principle, less computational demand, flexibility, and more accurate detection of reactive current, the specific block diagram is shown in Figure 4 .
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Therefore, the improved output of the three-phase grid fundamental positive sequence reactive current i a1q+ is symmetrical and has the same frequency with grid voltage, so the grid voltage u a containing negative sequence component can be replaced by the detected ia1q+ to lock the phase to obtain sinωt and cosωt. So the detection error brought by the negative voltage component of the grid can be eliminated, and the closed-loop system further reduces the detection error.
Design of Sliding Average Filter
In addition, on the basis of improving the PLL, the response speed and detection accuracy of the dq detection method mainly depends on the design of the LPF and finally affects the reactive power compensation performance of the SVG. The design becomes an important link to the stability and dynamic performance of the algorithm. In order to compensate for the inherent delay of commonly used LPF and eliminate the contradiction between detection accuracy and dynamic response speedand considering the digital storage process space, calculation, and other issues-SMF is designed to replace the commonly used Butterworth LPF to improve the system's real-time dynamic response speed, and achieve better filtering performance.
When SVG is working for reactive compensation, the main purpose of LPF is to separate the DC component of the signal, which is the key link of the fundamental reactive current detection algorithm. Since the DC component of q-axis current corresponds to the fundamental reactive power of the load and the AC component of the q-axis current corresponds to the harmonic power, all sampling points in a cycle are summed to zero for AC components. However, the sum of all the sample points in a sinusoidal period divided by the number of samples is still the DC signal for a DC signal. Therefore, the basic idea of the average filter is to select a cycle, then accumulate the signals at the sampling point and divide the accumulation by the number of sampling points before entering the LPF, to get the DC signal result.
In order to reflect the dynamic real-time compensation performance of SVG, according to the repeatability of each cycle of the AC signal, considering sampling the kth point, the current new information is used to cover the information of the same position before a cycle, and so on. So the latest average is equal to the division by the number of samples of the new data sampled per cycle minus the oldest data, plus the average of the calculations in a cycle. The recursive formula is deduced as The three-phase fundamental positive sequence reactive current is obtained through the reverse
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where i ld (k) is the current new information, i ld (k − N) is the old information of last cycle corresponding to the current moment.
When the input signal amplitude and frequency are not changed, the sliding average output does not change. Once the signal changes, the sliding average output also changes, approaching the true value. The moving average algorithm reflects the speed of data updating in terms of the true value of a periodic average method after a cycle.
In order to achieve the data update, there must be N data units to store sample point information. In this experiment, the sampling frequency is 9.6 KHz. For a fundamental cycle, 192 data storage space is required, the general DSP processor is very easy to achieve this requirement.
The expression in Z field according to the above formula is written as:
The model of the SMF is established according to (10) in Figure 5 .
where ild(k) is the current new information, ild(k − N) is the old information of last cycle corresponding to the current moment.
The model of the SMF is established according to (10) in Figure 5 . Analyze the comparison of the SMF with the common Butterworth LPF, by Setting the sampling frequency to 10 kHz and N = 200. The Bode plot and step response curves of the SMF, and the fourthorder Butterworth LPF with a cutoff frequency of 22 Hz are drawn.
As shown in Figure 6 , both the Butterworth LPF and the SMF have flat passband amplitudefrequency characteristics. Unlike the Butterworth LPF, the SMF is rapidly attenuated in the transition zone and the stopband, and has a linear phase, and the step response is fast without overshoot and can enter a steady state in 0.02 s. Therefore, for reactive current detection, the SMF can both meet the detection accuracy and have a faster dynamic response speed. Analyze the comparison of the SMF with the common Butterworth LPF, by Setting the sampling frequency to 10 kHz and N = 200. The Bode plot and step response curves of the SMF, and the fourth-order Butterworth LPF with a cutoff frequency of 22 Hz are drawn.
As shown in Figure 6 , both the Butterworth LPF and the SMF have flat passband amplitude-frequency characteristics. Unlike the Butterworth LPF, the SMF is rapidly attenuated in the transition zone and the stopband, and has a linear phase, and the step response is fast without overshoot and can enter a steady state in 0.02 s. Therefore, for reactive current detection, the SMF can both meet the detection accuracy and have a faster dynamic response speed.
In the detection of reactive current based on instantaneous power theory, SMF can greatly reduce the amount of calculation. It is easy to realize the programming of a DSP chip in engineering practice. The program avoids mathematical floating-point operations of the traditional digital LPF, reduces latency, and improve the real-time performance of reactive power compensation, also has better real-time performance with better dynamic response. In the detection of reactive current based on instantaneous power theory, SMF can greatly reduce the amount of calculation. It is easy to realize the programming of a DSP chip in engineering practice. The program avoids mathematical floating-point operations of the traditional digital LPF, reduces latency, and improve the real-time performance of reactive power compensation, also has better real-time performance with better dynamic response.
Experiment Analysis
The experimental prototype of 100 kVA SVG is shown in Figure 7 . The application of the SMF in the reactive current detection algorithm of an SVG system, the influence of steady-state compensation accuracy and dynamic response performance of the SVG system are studied. 
The experimental prototype of 100 kVA SVG is shown in Figure 7 . The application of the SMF in the reactive current detection algorithm of an SVG system, the influence of steady-state compensation accuracy and dynamic response performance of the SVG system are studied. In the detection of reactive current based on instantaneous power theory, SMF can greatly reduce the amount of calculation. It is easy to realize the programming of a DSP chip in engineering practice. The program avoids mathematical floating-point operations of the traditional digital LPF, reduces latency, and improve the real-time performance of reactive power compensation, also has better real-time performance with better dynamic response.
Experimental Waveform Analysis of SVG with RL Load
The RL load is used in this experiment, Figure 8 is the DC side voltage and reactive current of the experimental waveform, in the compensation process, the DC side voltage can be maintained at a stable value to ensure the safe and reliable operation of the entire device. The compensation effect is achieved as shown in Figure 9 the current phase of the RL load is lagging behind the voltage before the compensation. After the SVG is inputted, the voltage and current almost have the same phase, which effectively compensates the reactive power consumed by the inductive load. As the current spectrum shown in Figure 10 , the AC side current harmonic distortion THD reaches 2.9% after the compensation. Therefore, the SVG system using a moving average LPF can meet the compensation accuracy requirements.
Dynamic response test waveform is shown in Figure 11 . SVG system can quickly track the load current changes once the load current and the entire circuit reactive power changes, whose faster response can meet the dynamic response performance demands.
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Experimental Waveform Analysis SVG with RC Load
For the RC load, SVG can also offer capacitive reactive power compensation as shown in Figure  12 . After the SVG is inputted, the voltage and current almost have the same phase, capacitive reactive power is close to 0, and power factor can reach 0.95 meeting the compensation requirements. 
For the RC load, SVG can also offer capacitive reactive power compensation as shown in Figure 12 . After the SVG is inputted, the voltage and current almost have the same phase, capacitive reactive power is close to 0, and power factor can reach 0.95 meeting the compensation requirements. So SVG can compensate for both inductive reactive power and capacitive reactive power, and continuously adjust the system reactive power, and has faster dynamic adjustment.
Conclusions
In this paper, based on the principle of direct current compensation of SVG, the phase-locked loop in the instantaneous reactive current detection method is improved for the case of an asymmetric three-phase power grid, and the moving average LPF is used instead of the commonly used LPF. The goal of achieving the detection accuracy and dynamic response performance is realized, and the algorithm is small, so it is easy to achieve in the DSP programming. The experimental results show that the SVG system can effectively compensate the reactive power on the three-phase grid side, and have better dynamic response performance compared with the widely used Butterworth LPF, which has certain reference value and applicability. So SVG can compensate for both inductive reactive power and capacitive reactive power, and continuously adjust the system reactive power, and has faster dynamic adjustment.
In this paper, based on the principle of direct current compensation of SVG, the phase-locked loop in the instantaneous reactive current detection method is improved for the case of an asymmetric three-phase power grid, and the moving average LPF is used instead of the commonly used LPF. The goal of achieving the detection accuracy and dynamic response performance is realized, and the algorithm is small, so it is easy to achieve in the DSP programming. The experimental results show that the SVG system can effectively compensate the reactive power on the three-phase grid side, and have better dynamic response performance compared with the widely used Butterworth LPF, which has certain reference value and applicability.
Author Contributions: This research was supported by the project National Natural Science Foundation of China (Grant No: 51777146). Xueliang Wei conceived and designed the study. Jianghua Lu, Wenjing Li and Erjie Qi were responsible for the simulations and experiments. This work was performed under the advisement and regular feedback from Guorong Zhu.
Conflicts of Interest:
The authors declare no conflict of interest.
